allergic reactions. The direction of Th cell differentiation depends on the cytokine environment (2, 3) . Naïve CD4 T cells stimulated with antigens in the presence of IL-12 differentiate into Th1 cells, whereas IL-4 drives differentiation into Th2 cells (4 -6) . The IL-12-mediated activation of signal transducer and activator of transcription (STAT) 4 is crucial for Th1 cell differentiation, while IL-4-mediated STAT6 activation is for Th2 cell development (7) (8) (9) . In addition to the cytokines mentioned above, TCR stimulation by antigens also influences the direction of Th1/Th2 cell differentiation. We reported that efficient TCR-mediated activation of the p56 lck , calcineurin, and Ras-ERK MAPK signaling cascade was required for Th2 cell differentiation (10 -12) .
Recently, several transcription factors that control Th2 cell differentiation were identified (13, 14) . Among them, GATA3 appears to be a master transcription factor for Th2 cell differentiation. GATA3 is selectively expressed in Th2 cells, and its ectopic expression induces Th2 cell differentiation even in the absence of STAT6 (15) (16) (17) (18) .
Changes in the chromatin structure of the Th2 cytokine (IL-4/IL-5/IL-13) gene loci occur during Th2 cell differentiation (19, 20) . Recent studies have demonstrated that covalent modifications of histones play critical roles in epigenetic regulation (21) . Recently, we and others (22) (23) (24) demonstrated that histone hyperacetylation of the Th2 cytokine gene loci occurs in developing Th2 cells in a Th2-specific and STAT6-dependent manner. Also, we demonstrated an essential role for GATA3 in Th2-specific histone hyperacetylation (22) . We generated a precise map of the Th2-specific histone hyperacetylation within the type 2 cytokine gene loci, and identified a 71-bp conserved GATA3 response element (CGRE) at 1.6-kbp upstream of the IL-13 locus exon 1. The CGRE appears to play a crucial role for GATA3-mediated targeting and downstream spreading of core histone hyperacetylation within the IL-13 and IL-4 gene loci in developing Th2 cells and Tc2 cells (22, 25) .
Histone lysine methylation is considered to be a key epigenetic regulator (26) . Methylation of specific lysine residues of histones is required for the maintenance of large, functionally distinct chromatin domains, such as heterochromatin correlated with histone H3 lysine 9 (H3-K9) (27) . In contrast, transcriptionally active euchromatin preferentially contains methylated histones at H3-K36, H3-K79, and H3-K4 sites (28) . Particularly, methylation at H3-K4 correlates well with active or permissive state of transcription (29) . Furthermore, yeast Set1 (H3-K4 methyl-transferase) and Set2 (H3-K36 methyltransferase) induce histone lysine methylation and functionally interact with RNA polymerase II (Pol II), suggesting that histone methylation at H3-K4 and H3-K36 is a hallmark of actively transcribed chromatin (26) .
Some of the differentiated Th2 cells survive and are main-tained as memory Th2 cells for a long period in vivo (30, 31) . Memory CD4 T cells can be generated from effector cells and can survive in the absence of MHC antigens (32, 33) . The expression of either TCR (34) or Src-family kinases, p56 lck and p59 fyn appears not to be essential for the long-term survival (35) . Also CD4 T cell survival is not directly linked to MHCinduced TCR signaling (36) . In class II-restricted TCR transgenic mice lacking expression of the common cytokine receptor ␥-chain (␥c), the survival of naïve T cells is substantially impaired but memory T cell survival is apparently normal, suggesting that ␥c-dependent cytokines (IL-2, IL-4, IL-7, IL-9, and IL-15) is not required for memory CD4 T cell survival (37) . As for homeostatic proliferation of CD4 memory T cells, IL-7 and IL-15 are not essential (33) . Thus, in contrast to CD8 memory T cells, CD4 memory cells may not require any specific cytokine signals for their homeostatic maintenance (38, 39) . Very recently, however, regulatory roles of IL-7 in the generation and survival of memory CD4 T cells were reported (40, 41) . In addition, signals through the TCR as well as the IL-7 receptor appear to regulate the homeostasis of CD4 memory T cells (42) . Th1 memory cells appear to be generated efficiently from an IFN␥ non-producing population (43) . Thus, it is still unclear whether any specific signals including those triggered by cytokines are required for the maintenance of memory Th2 cells. Furthermore, the molecular mechanisms that underlie the maintenance of capacity for Th2 cytokine production in memory Th2 cells, particularly those that preserve the Th2-specific remodeled chromatin are not fully understood.
In the present study, we used an adoptive transfer technique for the generation of antigen-specific memory Th2 cells in vivo to investigate the molecular events governing the maintenance of their Th2-specific cytokine production. In freshly prepared in vivo generated memory Th2 cells, histones associated with the IL-4 and IL-13 gene loci were hyperacetylated (at H3-K9/14) and di-and tri-methylated (at H3-K4), and these events were seen IL-4-deficient situation as well. Intergenic transcripts accompanied by highly localized accumulation of Pol II to CNS1, IL-4 promoter, and V A enhancer sites were observed. Thus, Th2-specific remodeled chromatin of the IL-13 and IL-4 gene loci is maintained in memory Th2 cells by active molecular events that are IL-4-independent.
EXPERIMENTAL PROCEDURES
Mice-BALB/c and BALB/c nu/nu mice were purchased from Clea Inc., Tokyo, Japan. IL4-deficient mice (44) and OVA-specific TCR␣␤ transgenic (DO.11.10 Tg) mice (45) were maintained under SPF conditions. All mice used in this study were maintained under specific pathogen-free conditions. Animal care was in accordance with the guidelines of Chiba University.
Reagents-The reagents used in this study are as follows: Fluorescein isothiocyanate (FITC)-conjugated anti-CD4 mAb (GK1.5-FITC), anti-CD62L mAb (MEL-14), anti-CD25 mAb (7D4), anti-CD69 mAb (H1.2F3), phycoerythrin (PE)-conjugated anti-CD4 mAb (GK1.5-PE), anti-CD44 mAb (IM7-PE), anti-CD122 mAb (TM-b1), anti-CD124 mAb (mIL-4R-M1), anti-CD127 mAb (4G3), and anti-CD132 mAb (TUGm2) were purchased from BD PharMingen, San Diego, CA. Anti-FcRgII and III mAb (2.4G2) and unconjugated anti-IL-4 mAb (11B11) were used as culture supernatants. Recombinant mouse IL-12 was purchased from BD PharMingen and recombinant mouse IL-4 was from TOYOBO, Osaka, Japan. The OVA peptide (residues 323-339; ISQAVHAA-HAEINEAGR) was synthesized by BEX Corporation, Tokyo, Japan.
The Generation of Effector and Memory Th1/Th2 Cells-Splenic CD4 T cells from DO11.10 OVA-specific TCR transgenic (Tg) mice were stimulated with an OVA peptide (Loh15, 1 g/ml) plus APC under Th1-or Th2-skewed conditions for 5 days in vitro (10) . We used these cells as effector Th1 or Th2 cells, respectively. The effector Th1/Th2 cells (3 ϫ 10 7 ) were transferred intravenously into normal syngeneic BALB/c or BALB/c nu/nu recipient mice. In most of the experiments, 4 weeks after the cell transfer, KJ1
ϩ cells in the spleen were sorted by FACSVantage TM (BD PharMingen), and used as memory Th1and Th2 cells. Cell Cycle Analysis-Splenic KJ1 ϩ cells were isolated by auto-MACS (Militenyi Biotec) with yielding purity Ͼ95%. The cells were fixed with 70% ethanol for 12 h, treated with RNase for 10 min at 37°C and then suspended in 50 g/ml PI (propidium iodide) solution. DNA contents were analyzed by flow cytometry. Detection of Cell Division-Memory Th2 cells were prepared by sorting 4 weeks after cell transfer, and were labeled with CFSE (carboxyfluorescein diacetate succinimidyl ester, Molecular Probes) as described previously (46) . Labeled cells were stimulated with OVA peptide (0.1 or 1 M) plus APC for 16 h, and then subjected to flow cytometry.
ELISA-Cytokine production was assessed by ELISA as described (25) .
Chromatin Immunoprecipitation (ChIP) Assay-Acetylation status of histone H3-K9/K4 was assessed using histone H3 (K9/14) ChIP assay kits (17-245; Upstate Biotechnology) and specific primers described in supplemental data. The ChIP assay for di-or tri-methylated histone H3-K4 was performed using anti-histone H3 di-methyl K4 antiserum (07-030; Upstate Biotechnology) and anti-histone H3 trimethyl K4 antiserum (ab7766; Abcam). The ChIP assay for GATA3, Pol II, and TFIIB was done as described (22) . An anti-RNA polymerase II antiserum (C-21) and anti-TIFIIB (C-18) anti-serum was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
RT-PCR-RT-PCR analyses for GATA3, GATA3a, GATA3b, cytokines, ␤-actin, and intergenic regions of IL-13 and IL-4 were done as described (25) .
Immunoblot Analysis-Immunoblot analyses for GATA3 and tubulin-␣ were done as described (25) . Memory T cells proliferate rapidly in response to a low concentration of antigens as compared with naïve T cells (47) . In vivo generated KJ1 ϩ memory Th2 cells in BALB/c nu/nu mice at the 4 week time point were purified by cell sorting (Ͻ98%), labeled with CFSE, and stimulated with two different doses of OVA peptides and APC for 16 h. Cell division analysis by flow cytometry showed that freshly isolated CD4 T cells from DO11.10 Tg mice did not proliferate during the first 16 h after stimulation, whereas substantial numbers of memory Th2 cells divided once in response to the antigenic peptide (27.4% for 0.1 M and 37.9% for 1 M OVA peptides) (Fig. 1C) .
RESULTS

Generation of Antigen
Next we assessed the expression levels of cell surface molecules including activation and memory markers and cytokine receptors on the freshly isolated memory Th2 cells (Fig. 1D) . The expression levels of IL-4 receptor (R)␣ and common ␥ (c␥) chains were slightly higher in memory Th2 cells compared with those of freshly isolated KJ1 ϩ cells from DO11.10 Tg mice. Dramatically increased levels of IL-2R␤ and IL-7R␣ chains were observed in memory Th2 cells. The activation markers, CD69 and CD25 (IL-2R␣ chain), were not significantly ex-pressed in either memory or naïve populations. High-level expression of CD44 was observed in all recovered KJ1-positive cells. Finally, two subpopulations with high and low expression of CD62L were observed in memory Th2 cells as well as in naïve T cells.
Cytokine Production Profiles of in Vivo Generated Memory Th2 Cells-We examined the cytokine production profiles of in vivo generated memory Th2 cells recovered from BALB/c nu/nu recipient mice 4 weeks after cell transfer. Freshly isolated splenic KJ1 ϩ CD4 T cells from DO11.10 Tg mice (Fresh), in vitro newly generated effector Th2 cells by stimulation with OVA peptides for 5 days in vitro (Effector) and in vivo generated memory Th2 cells (memory) were re-stimulated with OVA peptide plus APC for 1-3 days. As shown in Fig. 2A , in vivo generated memory Th2 cells produced large amounts of Th2 cytokines (IL-4, IL-5, and IL-13). The levels were significantly higher than those of effector Th2 cells particularly on day 3. CD62L expression profiles and cytokine production of the recovered KJ1 ϩ cells were similar in both normal BALB/c and BALB/c nu/nu recipient mice (see Supplemental Fig. 1 ).
We also prepared in vivo generated Th1 memory cells to confirm the specificity of cytokine production of memory Th1 and Th2 cells. Splenic CD4 T cells from DO11.10 Tg mice were stimulated with OVA peptide plus APC under Th1-or Th2-skewed conditions for 5 days, and transferred into recipient BALB/c nu/nu mice. Four weeks after cell transfer, KJ1
ϩ cells were purified and re-stimulated with OVA peptide plus APC. As shown in Fig. 2B , memory Th2 cells produced large amounts of Th2 cytokines but not IFN␥, while memory Th1 cells produced large amounts of IFN␥ but not Th2 cytokines. These results suggest that in vivo generated Th1 and Th2 memory cells preserved their original restricted cytokine production profiles. From these results, we decided to use KJ1 ϩ CD4 T cells recovered from BALB/c or BALB/c nu/nu recipient mice 4 weeks after cell transfer as in vivo generated memory CD4 T cells to investigate the molecular mechanisms that control the maintenance of memory Th2 cells.
Histone H3-K9/14 of the Th2 Cytokine Gene Loci Was Hyperacetylated in Memory Th2
Cells-We began with an assessment of the acetylation status of histones associated with the Th2 cytokine gene loci in freshly isolated in vivo generated memory Th2 cells. The KJ1 ϩ memory Th2 cells were isolated by cell sorting, and the acetylation levels of histone H3 (K9/14) was determined by ChIP assay as described previously (22) . Histone H3-K9/14 associated with the IL-4 and IL-13-related gene loci (CGRE, CNS1, V A enhancer, IL-4p, and IL-13p) were hyperacetylated in both memory Th2 cells and effector Th2 cells compared with freshly isolated naïve DO11.10 TCR Tg CD4 T cells (Fig. 3A) . The acetylation levels at the IL-5 promoter were significantly lower in memory Th2 cells as compared with effector Th2 cells. No hyperacetylation in the IFN␥ promoter was observed. A similar hyperacetylation pattern was observed in memory Th2 cells isolated 10 weeks after cell transfer (data not shown).
Next, in vivo generated memory Th1 and Th2 cells were prepared to examine the Th2-specific hyperacetylation (Fig.  3B) . The levels of acetylation of the CGRE, CNS1, V A enhancer, IL-4p and IL-13p region in memory Th2 cells were significantly higher than those of memory Th1 cells. Memory Th1 cells exhibited certain levels of acetylation of these regions. The acetylation levels of IL-5 in memory Th2 cells were equivalent to those of memory Th1 cells, but they were significantly higher than those of freshly prepared CD4T cells. Equivalent levels of acetylation in RAD50 promoter were seen. For the IFN␥ promoter, there was no preferential increase in acetylation in the Th1 memory cells. We compared acetylation status of IFN␥ promoter in effector and memory Th1 cells and found that significant levels of acetylation of the IFN␥ promoter induced in effector Th1 cells were substantially decreased in memory Th1 cells (Supplemental Fig. 2 ). Taken together, these results suggest that memory Th1 and Th2 cells possess higher background levels of histone acetylation in all regions tested as compared with naïve T cells, and that Th2 memory cells preserved preferentially increased acetylation of histone H3-K9/14 in the IL-4 and IL-13 gene-related regions.
These results prompted us to examine whether a unique long-range Th2-specific histone hyperacetylation within the IL-13 and IL-4 loci (22) is preserved in memory Th2 cells. We analyzed the acetylation status of histone H3 in the IL-13 and IL-4 gene loci more precisely using 29 pairs of specific primers. Fig. 3C shows the actual ChIP assay PCR bands (Upper), the summary of relative band intensity (Ac-H3/Input DNA) and the ratios of acetylation intensity of effector and memory Th2 cells to that of freshly isolated CD4 T cells. The acetylation profiles induced in effector Th2 cells were maintained in memory Th2 cells with slightly decreased levels at the regions associated with IL-13. Furthermore, the boundary of Th2-specific hyperacetylation at the CGRE site was preserved in memory Th2 cells.
Histone H3 (K9/14) of the Th2 Cytokine Gene Loci Is Acetylated Equivalently in Effector and Central Memory Th2 Cells-
Memory T cells can be subdivided into two distinct populations based on the expression level of CD62L (48) . One is the effector memory T cell (CD44 high /CD62L low ) and the other is the central memory T cell (CD44 high /CD62L high ). The change in proportion of effector and central memory Th2 cells over time was assessed in our in vivo memory Th2 cell generation system (Supplemental Fig. 3A) . The ratio (effector/central memory) in- creased up to 4 weeks after cell transfer, and decreased thereafter. Phenotypic analysis revealed that these two memory Th2 subpopulations express similar levels of cytokine receptor components (IL-4R␣, C␥, IL-2R␤, and IL-7R␣) (Supplemental Fig. 3B ). Both populations produced substantial amounts of IL-4, IL-5, and IL-13 with marginal production of IFN␥. The levels of IL-4 production were slightly but reproducibly higher in central memory Th2 cells, and those of IL-5 were higher in effector memory Th2 cells. The production of IL-13 was equivalent between these two subpopulations (Supplemental Fig. 3C, lower left panel) .
Concurrently, we assessed the acetylation status of histone H3 (K9/14), and substantial and equivalent histone hyperacetylation of the IL-4 and IL-13-related regions were detected in these two subpopulations (Supplemental Fig. 3D ). Similar results were obtained in effector and central memory Th2 cells 10 weeks after cell transfer (data not shown). These results would indicate that Th2-specific remodeled chromatin is preserved in both effector and central memory Th2 cells. ϩ CD4 T cell generation were observed (Fig. 4B, upper) . The ratio of effector/central memory cells was also similar regardless of the source donor cells or recipients, indicating the lack of dependence on IL-4 (Fig. 4B,  lower) .
IL-4 Is Not Required for the Generation and the Maintenance of Memory
The KJ1 ϩ CD4 T cells generated in recipient mice shown in Fig. 4 , A and B were purified by sorting, and their cytokine production profiles were determined by ELISA. The memory Th2 cells from IL-4-deficient mice produced equivalent amounts of IL-13, and slightly decreased levels of IL-5 (Fig.  4C) . IFN␥ production from IL-4-deficient memory Th2 cells was not robust but it was modestly increased (Fig. 4C, extreme right  panels) . IL-4 deficiency in the host mice did not affect the cytokine profiles of memory cells (Fig. 4C, lower panels) . We assessed the acetylation status of histone H3 (K9/14) in the Th2 cytokine gene loci in the IL-4-deficient memory Th2 cells and found that the levels of acetylation in the IL-4-related gene loci (CGRE, CNS1, V A enhancer, and IL-4p) were all equivalent among wild type and IL-4-deficient groups (Fig. 4D) . The levels of acetylation at the IL-13 promoter were slightly decreased in the absence of IL-4. The acetylation levels of the IL-5 promoter was low in memory Th2 cells (see Fig. 3, A and B) , and significantly lower in IL-4-deficient memory Th2 cells. These results indicate that IL-4 is not required for the generation of memory Th2 cells and the maintenance of the ability to produce Th2 cytokines. In addition, while IL-4 in T cells appears to play some specific role in the maintenance of acetylation at the IL-5 gene locus, it does not affect the IL-4-related gene locus in memory Th2 cells. It may have some role in the maintenance of acetylation of the IL-13-related gene locus.
Memory Th2 Cells Express High Levels of GATA3 mRNA but Undetectable Amounts of GATA3 Protein-GATA3 is thought to be a master transcription factor and it is induced in developing Th2 cells in an IL-4-and STAT6-dependent manner.
Since the Th2-specific acetylation profiles in the IL-13 and IL-4 gene loci were preserved in memory Th2 cell, we sought to examine the expression levels of GATA3 in memory Th2 cells. First, the expression of GATA3 mRNA was assessed by semiquantitative RT-PCR analysis. The memory Th2 cells expressed substantial levels of GATA3 mRNA that were equivalent to those of effector Th2 cells (Fig. 5A) . Two distinct promoters, GATA3a and original promoter GATA3b have been reported (49) , and so we assessed the levels of mRNA of both sites in memory Th2 cells. GATA3a transcripts were detected only in the memory Th2 cells, although the levels were quite low when compared with GATA3b. The original GATA3b transcripts were detected in memory Th2 cells at equivalent levels to effector Th2 cells. The transcripts of the mature mRNA for IL-4, IL-5, and IL-13 were detected in effector Th2 cells but not in freshly isolated memory Th2 cells. Equivalent amounts of GATA3 mRNA were detected in wild-type and IL-4-deficient memory Th2 cells, suggesting that IL-4 is not required for the GATA3 transcription in memory Th2 cells (Fig. 5B) . Similar results were obtained by real time PCR analyses (data not shown).
Next, the protein expression of GATA3 in memory Th2 cells was assessed by immunoblot analysis. Surprisingly, the expression levels of GATA3 protein in memory Th2 cells were very low (ϳ1/10) and they were only equivalent to those of
FIG. 4. IL-4 is not required for the generation and the maintenance of memory Th2 cells. A, in vivo generated Th2 cells were prepared from WT, IL-4
ϩ/Ϫ heterozygous (Hetero), and IL-4 Ϫ/Ϫ homozygous-deficient (KO) mice 4 weeks after cell transfer into BALB/c mice. Representative staining profiles of CD4/KJ1 and CD62L/CD44 are shown with percentages in each quadrant. B, in vivo generated Th2 cells were prepared using WT or IL-4-deficient (KO) donor T cells, and WT and IL-4-deficient (KO) BALB/c recipient mice. C, effect of IL-4 deficiency on the cytokine production profiles of in vivo generated memory Th2 cells. Memory Th2 cells were generated as in A and B, restimulated with OVA peptide (1 M), and the concentrations of cytokines in the culture supernatants were determined by ELISA. D, acetylation status of histone H3 of the Th2 cytokine gene loci in memory Th2 cells generated by transfer of IL-4-deficient effector Th2 cells. ChIP assay was performed as described in Fig. 3 . PCR was performed with 3-fold serial dilution of template genomic DNA.
freshly prepared naïve CD4 T cells (Fig. 5C ). However, 12 and 24 h after stimulation with anti-TCR mAb in vitro, memory Th2 cells expressed significantly higher amounts of GATA3 protein than freshly prepared naïve CD4 T cells (Fig. 5D) . The efficient induction of GATA3 protein was also observed in IL-4-deficient memory Th2 cells upon anti-TCR mAb stimulation (data not shown). We reported previously the efficient binding of GATA3 protein to the CGRE regions in newly generated effector Th2 cells (22) . Thus, we wanted to know whether the binding of GATA3 protein to the CGRE in memory Th2 cells in which histone hyperacetylation of the IL-4 and IL-13 gene loci was preserved. ChIP analyses with anti-GATA3 revealed that there was significant GATA3 binding to the CGRE region in effector Th2 cells but not in memory Th2 cells (Fig. 5E) . No significant binding was observed at CNS1 and V A enhancer regions in either memory or effector Th2 cells. Taken together, these results suggest that memory Th2 cells express substantial amounts of GATA3 mRNA although only marginal levels of GATA3 protein can be detected. Furthermore, histone hyperacetylation of the IL-13 and IL-4 gene loci appears to be maintained in a GATA3 protein expression-independent manner.
Intergenic Transcripts at the Downstream Region of the CNS1 Spanning to V A Enhancer Site Are Preserved in Memory
Th2 Cells-In our previous reports, we proposed a potential role of intergenic transcription for inducing long range histone hyperacetylation and the transactivation of the IL-13 and IL-4 gene loci (22, 25) . Therefore, we assessed the intergenic transcripts of the IL-13 and IL-4 gene loci using 19 primer pairs (Fig. 6A) . The ratios of band intensity (fresh/effector and memory/effector) in each group are summarized in the lower panel of Fig. 6A . In memory Th2 cells, substantial amounts of transcripts were detected in all regions that were tested, and their levels were essentially preserved at the downstream region of the CNS1 spanning to the V A enhancer site. IL-4-deficient memory Th2 cells expressed equivalent amounts of intergenic transcripts at the CNS1, 18, V A enhancer, and 28 sites as well. This indicates that IL-4 is not required for the intergenic transcription of these regions in memory Th2 cells (Fig. 6B) .
Consequently, we assessed the changes in the intergenic transcript levels in memory Th2 cells after anti-TCR stimulation. The levels of intergenic transcripts upstream of the CNS1 region were increased substantially after anti-TCR stimulation, but those downstream of the CNS1 site remained unchanged (Fig. 6C) . Also, there was no inhibition of the generation of intergenic transcripts in the presence of FK506, indicating that the intergenic transcripts were not dependent on the activation of calcineurin in memory Th2 cells. Under the same conditions, the mature IL-4 and IL-13 transcripts were ϩ CD4 T cells and memory Th2 cells were stimulated with anti-TCR mAb under Th2-skewed conditions for indicated times. The expression levels of GATA3 and tubulin-␣ protein were examined by immunoblotting. E, GATA3 binding to the CGRE site was not detected in memory Th2 cells. ChIP assay using anti-GATA3 antibody was performed.
induced by anti-TCR stimulation in memory Th2 cells, and these were found to be significantly inhibited in the presence of FK506 (Fig. 6D) . These results suggest that the intergenic transcripts of the IL-13 and IL-4 gene loci were generated by a distinct signaling mechanism as compared with that for mature IL-13 and IL-4 mRNA.
Histone Methylation (H3-K4) in the Long Range Region of the IL-13 and IL-4 Gene Loci Is Totally Preserved in Memory Th2
Cells-It has been reported that the methylation of histone H3-K4 is well correlated with active chromatin in transcription and some specific role in the maintenance of H3-K9/14 acetylation in mammalian systems (50) . Consequently, we analyzed the methylation status of histone H3-K4 of the IL-4 and IL-13 gene loci in fresh DO11.10 Tg KJ1 ϩ CD4 T cells (F), memory (M), and effector (E) Th2 cells using a series of primer pairs and anti-di-and tri-methyl histone specific Abs (Fig. 7A) . The relative intensity profiles are depicted in Fig. 7B . The relative levels of di (Me2)-or tri (Me3)-methylation at histone H3-K4 of the IL-4 and IL-13 gene loci were low in fresh CD4 T cells, but there was substantial methylation at the site in memory Th2 cells and effector Th2 cells to almost equivalent levels. These results suggest that histone methylation (H3-K4) in the long range region of the IL-13 and IL-4 gene loci is totally preserved in memory Th2 cells.
Memory Th2 Cell-specific Accumulation of Pol II Complex at Specific Intergenic Regions (CNS1, IL-4p, and V A Enhancer)-
Because some of the histone methyltransferase for H3-K4 functionally interacted with Pol II (26) , ChIP assay with anti-Pol II Ab was performed. Interestingly, strong bindings of Pol II to specific regions, i.e. CNS1 (17), IL-4 promoter (22), and V A enhancer (27) sites, and a weak binding to the CGRE site (8) were observed in memory Th2 cells (Fig. 7C) . In addition, weak binding of Pol II was observed at almost all regions of the IL-4 and IL-13 gene loci in effector Th2 cells. Although nineteen regions throughout the IL-13 and IL-4 gene loci were analyzed, the strong binding of Pol II was observed at only these three sites in memory Th2 cells (Fig. 7C) . We also tested additional 12 sites within the region, but found no additional strong sites (data not shown). The binding of TFIIB was observed at the same three strong binding sites for Pol II (CNS1, IL-4p, and V A enhancer; Fig. 7D ). These results indicate that highly restricted accumulation of Pol II complex to specific sites is unique to memory Th2 cells, and may play a role in the maintenance of intergenic transcription and histone methylation (H3-K4) in the IL-13 and IL-4 gene loci in memory Th2 cells.
DISCUSSION
In the present study, we investigated the molecular basis for the maintenance of Th2 cytokine production in memory Th2 cells using in vivo generated OVA-specific memory Th2 cells. These memory Th2 cells appeared to have typical memory Th2 cell phenotypes as evidenced by the prompt proliferation upon restimulation with a low dose antigen (Fig. 1C) and the production of large amounts of Th2-specific cytokines (Fig. 2) .
It is known that IL-4-induced STAT6 activation and the subsequent induction of GATA3 protein are essential for chromatin remodeling including histone hyperacetylation in developing Th2 cells (22) . In developed Th2 cells, the production of IL-4 and IL-13 is not dependent on IL-4 (51, 52) . Here, we assessed the role for IL-4 in the generation and the maintenance of memory Th2 cells, and found that IL-4 is dispensable (Fig. 4) . In addition, the expression of GATA3 protein may not have an important role in the process because the protein expression level of GATA3 was marginal at best in the memory Th2 cells (Fig. 5C ). However, our study revealed that the Th2-specific remodeled chromatin in the IL-13 and IL-4 gene loci was preserved in memory Th2 cells (Figs. 3 and 7, A and B) . The upstream boundary of the hyperacetylation at the CGRE site and the levels of acetylation in each region assessed by a series of primer pairs were almost perfectly maintained (Fig.  3C) . Thus, the molecular mechanisms that govern the maintenance of the remodeled chromatin in the IL-13 and IL-4 gene loci in memory Th2 cells appear to be distinct from those for the induction of chromatin remodeling.
As for the mechanisms responsible for the maintenance of remodeled chromatin, the transcriptional events including continuous intergenic transcription may play an important role (Fig. 6) . The non-coding transcription of the IL-13 and IL-4 gene loci, particularly that of downstream regions of CNS1 was well preserved in memory Th2 cells, and it was insensitive to FK506 (Fig. 6C) , suggesting that the non-coding regions are transcribed by a distinct mechanism from that for mature mRNA for IL-4 and IL-13. Interestingly, we identified highly restricted unique accumulation of Pol II complex at three intergenic regions (CNS1, IL-4p, and V A enhancer) (Fig. 7, C and  D) . These are located in the region where the intergenic transcripts were perfectly preserved in memory Th2 cells (downstream of the CNS1 site), and thus this could account for the continuous generation of high level intergenic transcripts observed in the region. Similar highly restricted localization of Pol II within a locus control region was reported in the ␤-globin gene (53) . As Pol II is known to associate with histone-modifying enzymes (26) , Pol II localization within a locus control region may have also a specific role in histone modification, such as H3-K4 methylation and H3-K9/14 acetylation.
Site-specific histone methylation appears to play also an important role in transcriptional regulation (29) . Methylation of H3-K4 disrupts binding of the nucleosome remodeling and deacetylase (NuRD) complex to H3 tails, thereby preventing targeted histone deacetylation catalyzed by the NuRD complex Three independent experiments were done with similar results. C, binding of Pol II to highly restricted sites of the IL-4 and IL-13 gene loci in memory Th2 cells. ChIP assay was performed using anti-Pol II antisera and indicated specific primer pairs. D, ChIP assay was performed using anti-Pol II and anti-TFIIB antisera. PCR was performed with 3-fold serial dilution of template genomic DNA. (54, 55) . The SET domain of MLL, a human homolog of Drosophila trithorax, is reported to be an H3-K4-specific methyltransferase, and the disruption of MLL SET domain reduced histone acetylation levels of the Hox c8 gene locus in mouse embryo fibroblasts (50, 56) . More recently, several groups have demonstrated that the yeast Set1 and Set2 H3-K4-specific methyltransferase complexes interact with Pol II (26) . Thus, it is also probable that methylation of histone H3-K4 residues is important for the maintenance of the intergenic transcripts. Taken together, although we do not know the precise role of the accumulation of Pol II in a certain restricted regions at this time, intergenic transcription, methylation of histone H3-K4, and hyperacetylation of histone H3-K9/14 appear to be critical active events for maintaining the histone modification of the IL-4 and IL-13 gene loci in memory Th2 cells.
In contrast to the IL-13 and IL-4 gene loci, the level of histone hyperacetylation of the IL-5 gene locus was dramatically decreased in memory Th2 cells as compared with those of effector Th2 cells (Fig. 3A) . Also IL-4 dependence was observed in the histone hyperacetylation of the IL-5 gene locus (Fig. 4D) . Furthermore, di-and tri-methylation of H3-K4 was not observed at the IL-5 locus in memory Th2 cells. 2 However, although the production of IL-5 after antigenic restimulation was slightly decreased in IL-4-deficient memory Th2 cells, substantial amounts of IL-5 were produced upon restimulation (Fig.  4C) . The acetylation levels of histone H3 in the IL-5 locus were rapidly increased after TCR restimulation in memory Th2 cells. 2 The kinetics of induction of histone acetylation of the IL-5 gene locus appeared to correlate with the kinetics of the expression levels of GATA3 protein after anti-TCR stimulation (shown in Fig. 5D ), suggesting that histone acetylation of the IL-5 gene locus in memory Th2 cells remained highly dependent on GATA3. This suggests that the control mechanisms for the transcriptional memory of the IL-5 gene are clearly distinct from that of the IL-4 and IL-13 gene loci. Similarly, hyperacetylation of the IFN␥ promoter region was not preserved in memory Th1 cells (Fig. 3B and Supplemental Fig. 2 ). Further investigation is required to address the precise mechanisms that control the maintenance of remodeled chromatin of the IL-5 and IFN␥ gene loci in memory T cells.
Another unexpected but interesting result is that substantial levels of mRNA of GATA3 were detected in the freshly isolated memory Th2 cells (Fig. 5A) . The transcription of GATA3 is maintained in the absence of IL-4 (Fig. 5B) . These results indicated that the transcriptional induction of GATA3 in memory Th2 cells is independent on IL-4. Murphy and co-workers (57) reported that the expression of GATA3 is controlled by autoactivation. Two distinct promoters (GATA3a and GATA3b) control the expression of GATA3 (49) . A newly identified promoter GATA3a is suggested to be responsible for GATA3-dependent GATA3 transcription (GATA3 autoactivation). It is possible that the IL-4-independent transcription of GATA3 in memory Th2 cells is mediated by GATA3 autoactivation. However, only trace levels of transcripts from the GATA3a were detected in memory Th2 cells (Fig. 5A ) and the protein expression of GATA3 was marginal (Fig. 5C) . Thus, the maintenance of GATA3 transcription in memory Th2 cells may not be explained by the action of the newly identified GATA3a promoter. Although the mechanism to account for the high level transcription of the GATA3 gene in memory Th2 cells is not completely known, it appears to be clear that chromatin remodeling of the GATA3 gene locus is induced during the Th2 cell differentiation and that it is maintained in the memory Th2 cells in an IL-4-independent manner. Furthermore, the protein expression level of GATA3 in memory Th2 cells was very low and comparable to those of naïve T cells (Fig. 5C) , suggesting the presence of post-transcriptional regulation of GATA3 in memory Th2 cells. Following anti-TCR mAb restimulation of memory Th2 cells, the GATA3 protein expression is rapidly induced (Fig. 5D ). This may account for the great amounts of Th2 cytokine production including IL-13 and IL-5 (Fig. 2) , whose transcription is highly sensitive to GATA3 (58, 59) .
Only weak association of Pol II was observed at the CGRE site, 71 bp of CGRE at 1.6-kbp upstream of the IL-13 locus exon 1 (Fig. 7C) . We previously proposed that the CGRE plays a crucial role for GATA3-mediated targeting and downstream spreading of core histone hyperacetylation within the IL-13 and IL-4 gene loci in developing Th2 cells (22) . The binding of Pol II to this site is dependent on GATA3 (22) . Since GATA3 protein was not highly expressed in resting memory Th2 cells, Pol II may fail to associate CGRE site. However, histone H3-K4 was highly methylated at the CGRE site (Fig. 7B) , suggesting that unique molecular events in chromatin of this particular region are taking place.
Memory CD4 T cells can be subdivided into two distinct subsets based on the expression level of CD62L (48) . The CD62L low memory subset (effector memory) functionally resembles to effector cells that exhibit hyperresponsiveness to anti-CD3 and antigenic stimuli, high proliferative capacity, and rapid activation kinetics. The CD62L high memory subset (central memory) exhibits hyporeponsiveness to anti-CD3 and antigen stimuli, lower proliferative capacity, and slower activation kinetics (60) . We have confirmed that the proliferative activity of the effector memory Th2 cells is higher than that of CD62L high central memory population. 2 We observed the CD62L low effector memory Th2 cells produced higher levels of IL-5 compared with CD62L high central memory Th2 cells in response to antigens, whereas IL-4 production was slightly lower and IL-13 production was equivalent (Supplemental Fig.  3C ). Interestingly, the levels of histone H3-K9/14 acetylation of the Th2 cytokine gene loci were equivalent between these two subpopulations (Supplemental Fig. 3 ). Although the acetylation status of histones in the IL-13 and IL-4 gene loci is not different, it will be of interest to explore the difference in the chromatin status of effector and central memory T cells.
In summary, memory Th2 cells maintain a unique Th2-specifc remodeled chromatin in the IL-4 and IL-13 gene loci, characterized by H3-K9/14 hyperacetylation and H3-K4 methylation associated with non-coding transcription and unique RNA Pol II accumulation in an IL-4-independent manner. The maintenance of the remodeled chromatin structure in the IL-13 and IL-4 gene loci in memory Th2 cells appears to be mediated by active molecular events that are distinct from those that operate during the induction of chromatin remodeling in developing Th2 cells.
